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• Abstract 
THE EFFECT OF LIGHT INTENSITY 
ON THE INCORPORATION OF CALCIUM 
INTO THE CARBONATE SKELETON IN BOSSIELEA ORBIGNIAN 
• by Carol D. Logan 
The effect of light intensity on the incorporation of calcium 
carbonate into the algal skeleton in Bossiala orbigniana (Descaisne) 
Silva (1957) (Corallinaceae) was studied. Calcium-45 labeling of 
terminal segments under experimental laboratory conditions was used 
to estimate calcification rate. Plant sections were tested under 
each of six light intensities ranging between zero (darkness) and 
1960 pW cm-2. Calcium incorporation was found to be enhanced in light 
treatments as compared with dark treatment. Light of intensities 
ranging from 285 pW cm-2 to 1960 pW cm-2 gave enhancement effects 
which were not significantly different from each other. Three 
alternate hypotheses are offered to explain the observed pattern of 
enhancement. The most likely hypothesis postulates that under the 
experimental conditions used, light is not limiting to calcium 
carbonate deposition in the carbonate skeleton of Bossiala orbigniana. 
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INTRODUCTION 
Studies of the calcareous algae have implicated light as an im-
portant controlling factor in the rate of calcium carbonate deposition 
in the "skeletal" or acid-soluble fraction of the plant (Paasche, 1969; 
Stark, Almodovar, and Krauss, 1969; Adey, 1970; Ikemori, 1970; Pearse, 
1972; Dorigan and Wilbur, 1973; Borowitzka and Larkum, 1976b; 
Borowitzka, 1979; LaVelle, 1979). Many of the conclusions drawn from 
these studies have linked, either directly or indirectly, the process 
of calcification with the process of photosynthesis (Paasche, 1962, 
1965; Crenshaw, 1964; Borowitzka and Larkum, 1976b; Digby, 1977b; 
LaVelle, 1979). There now seems to be a complex link, rather than a 
simple, direct link as was earlier believed. This light-dependence 
may be a factor in the sub-littoral, shallow-water distribution of 
many calcareous algal species. 
IMPORTANCE OF CALCAREOUS ALGAE IN THE ENVIRONMENT 
The presence of calcareous algae in marine environments is im-
portant for several reasons. These organisms remove chemical species 
from the surrounding water. (Smith, 1973). Thus they may be important 
in shaping and controlling the chemical balance in the environment. 
Secondly, the calcareous algae, as a group, are important in the 
formation of carbonate sediments (see Vaughn, 1917 for an early view of 
the origin of calcareous sediments; for more recent views, see 
van Overbeek and Grist, 1947; Lowenstam, 1955; Lowenstam and Epstein, 
1957; Doty, 1957, 1962; Alexandersson, 1975). 
One of the more important sedimentary roles of calcareous algae 
is that of reef formation, a function shared with other calcareous 
organisms. Various authors give different relative importance to 
calcareous organisms with respect to the amount and kind of structure 
they help to form (van Overbeek and Crist, 1947; Lowenstam and 
Epstein, 1957; Doty, 1957, 1962; Johnson, 1961, 1964; Goreau, 1963; 
Marszalek, 1971; Alexandersson, 1975). Calcareous algae are of 
primary importance in some geographical areas (Clarke and Wheeler, 
1922; Goreau and Goreau, 1973), while corals are primary contributors 
in others. Molluscs, worms and other organisms are relatively minor 
contributors. Calcareous algae in the Rhodophyta, Chlorophyta (Doty, 
1962), Qyanophyta (Doty, 1957), Chrysophyta, Phaeophyta, and Charo-
phyta may contribute in varying proportions (Vinogradov, 1953, pp. 35-
69; Lowenstam, 1955; Lewin, 1962; Thomas, 1976). 
ALGAL CALCIFICATION 
The majority of studies done on algal calcification have been done 
on coccolithophorids, Halimeda and other Chlorophyta, to a lesser extent 
on Rhodophyta, with some work being done on other algal taxa. The 
smaller amount of work done on the Rhodophyta is probably a reflection 
of the relative inaccessability of algae of this taxon, rather than a 
reflection of its importance. 
Coccolithophorids 
The coccolithophorids (Chrysophyta) are a group of algae which 
form coccoliths internally, apparently in a structure derived from the 
golgi body. A mucopolysaccharide-like matrix is physically associated 
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with the forming coccolith and appears to mediate its formation. There 
is evidence that coccolith formation is light-enhanced (Paasche, 1968). 
However, while there is some evidence for the photosynthetic-dependent 
nature of the process of coccolith formation (Crenshaw, 1964; Paasche, 
1965, 1969), the link between photosynthesis and calcification in this 
group has not been clearly demonstrated. 
Protein synthesis and transport inhibitors have been shown to 
inhibit coccolith formation (Dorigan and Wilbur, 1973). The work that 
has been done on coccolithophorids suggests that the process of cal-
cification is intimately connected with the general metabolism and 
biochemistry of the organism (Paasche, 1962, 1965, 1968, 1969; 
Crenshaw, 1964; Franke and Brown, 1971; Dorigan and Wilbur, 1973; 
Darley, 1974). 
Chlorophyta 
In the study. of Chlorophyta, the original model proposed cal-
cification in the extracellular spaces, which are isolated from the 
environment external to the plant by the adpressed cell wails of the 
utricles. In this model, photosynthesis removes carbon dioxide from 
the extracellular space, thus shifting the pH to allow passive, 
inorganic precipitation to occur. Recently, however, workers have 
largely given up this idea in the light of evidence for organismic 
intervention in the process (Goreau, 1963; Furuya, 1965). Crystals in 
the intercellular spaces are often non-random in orientation, having 
nucleation sites in an organic component in the outer layer of the 
cell wall Wilbur, Colinvaux and Watabe, 1969; Marszalek, 1971; 
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• Borowitzka, Larkum and Nockolds, 1974; Borowitzka and Larkum, 1977). 
In Halimeda, acid polysaccharide mucilages in the cell wall have been 
shown to have calcium-binding properties and may be involved in the 
calcification process (Bohm and Goreau, 1973; Bohm, 1973b). In a study 
by Sikes (1978), the onset of calcification was found to correlate with 
an increase in carbonic anhydrase activity. Calcification was also 
found to exhibit saturation kinetics. Calcification in the green algae 
may occur under non-equilibrium conditions (Bohm and Goreau, 1973). In 
some algae, calcification has been demonstrated to occur against a con-
centration gradient (Lind, 1970) and may even occur while calcium 
uptake from the external medium is essentially zero (Goreau, 1963). 
The relationship of calcification to light is not a simple one. 
A possible link of the process of calcification to photosynthesis has 
been studied by several workers. Stark, Almodovar and Krauss (1969) 
showed that calcification parallels the chloroplast migration rhythm. 
The onset of calcification also corresponds to the attainment of 
maturity of the chloroplasts (Borowitzka and Larkum, 1977). It has 
also been shown that substances which inhibit photosynthetic carbon 
dioxide uptake and respiratory carbon dioxide evolution also inhibit 
calcification (Borowitzka and Larkum, 1976). The mechanism of this 
inhibition is not clearly understood. While a stimulatory effect of 
light on calcification has been demonstrated in many species (Goreau, 
1963; Stark, Almodovar and Krauss, 1969; Marszalek, 1971; Borowitzka 
and Larkum, 1976b), calcification can also be rapid in the dark 
(Goreau, 1963; Stark, Almodovar and Krauss, 1969; Pearse, 1973). 
Rhodophyta 
Many studies on Rhodophyta have dealt primarily with anatomy, 
physiology or taxonomy. Of these studies, those which are not strictly 
taxonomic evaluate and refine the use of the morphology and develop-
mental pathway of carpospores and conceptacles as taxonomic characters. 
(see Manza, 1940; Silva, 1957; Anderson, Dolan and Rees, 1965; Johansen, 
1969, 1970, 1971a,b, 1973, 1977; Bailey and Bisalputra, 1970; Waaland 
and Cleland, 1972; Chihara, 1973; Peel, Lucas, Duckett and Greenwood, 
1973; Wetherbee and West, 1977; Borowitzka and Vesk, 1979). Most of 
the remaining work has been directed toward gaining a better under-
standing •of the rates of algal growth and mineralization (Aderand 
Vassar, 1975, for example). 
In a study by Furuya (1 65), some biochemical differences are 
reported between red algae which do not deposit calcium carbonate and 
those which do. Calcareous and non-calcareous red algae have been 
found to contain similar proportions of various organic acids such as 
succinic, malic, citric and oxalic acids; however, in all cases 
studied, the total amount of organic acid in calcareous algae is five 
times that in non-calcareous algae. There is a possible link between 
the organic acid content and calcium content since organic acids are 
known to be involved in cation uptake in higher plants (Jacobson and 
Ordin, 1954; Graf and Aronoff, 1955; Jackson and Coleman, 1959) 
INTERNAL FACTORS AFFECTING CALCIFICATION 
Calcium removed from the external environment has been shown to 
end up in various pools within the plant (Ikemori, 1970; Borowitzka, 
1979) of which the largest in calcareous algae is the acid soluble 
fraction of the plant, consisting mainly of the calcium carbonate 
skeleton. It is the acid soluble fraction which appears to be affected 
to the greatest degree when comparing calcium uptake in darkness with 
corresponding uptake in the light (Ikemori, 1970). 
Cell walls in red algae tend to be composed primarily of pectin or 
a pectin-like material or possibly cellulose (Baas-Becking and 
Galliher, 1931; Turvey and Simpson, 1965). Calcium carbonate crystals 
are arranged with the c-axis perpendicular to the long axis of the 
cell wall fibers. This is similar to the arrangement found in the 
green algae (Borowitzka, Larkum, and Nockolds, 1974). 
EFFECT OF ENVIRONMENT ON CALCIFICATION RATE 
The rate of calcification is sensitive to several environmental 
factors. When one measures the overall growth or calcification rate of 
a particular species of algae (as, for example, Goreau, 1963; Johansen 
and Austin, 1970), the measured rate is found to be the result of the 
interaction between the effects of several environmental factors Wey, 
1970). The temperature of the growth ,environment alters the rate of 
calcification (Adey, 1970; Lind, 1970; Colthart and Johansen, 1973; 
Thomas, 1976). This is to be expected, since in any chemical system, 
either living or non-living, temperature affects the rate of chemical 
reactions. It appears, however, that the process of calcification is 
not just a simple chemical reaction. The temperature vs. calcification 
curve shows a significant maximum, suggesting a biologically mediated 
reaction. Temperatures higher or lower than the maximal range allow 
7 
lesser amounts of calcification. The effect of temperature on calcif - 
cation (Thomas, 1976) is similar to that on growth (Colthart and 
Johansen, 1973). The maximal temperature may vary between taxa. 
The amount of dissolved carbon dioxide in the growth medium has 
a controlling effect on calcification rate (Digby, 1977a; Smith and 
Roth, 1979). A calcification maximum occurs when air containing 0.25% 
carbon dioxide (about 10 times that in normal air) is used for aeration 
in place of room air. However, whether the metabolic effects corre-
spond to variation in concentration of carbonate species in the medium 
(particularly bicarbonate) or to pH changes resulting from the acidic 
nature of carbon dioxide has not been clearly distinguished. The 
presence or absence of certain organic molecules in the environment can 
also affect calcification rate. Most of the compounds showing a 
positive or negative effect have their primary action as modifiers of 
the general metabolism of the plant (Ikemori, 1970). 
EFFECT OF LIGHT ON CALCIFICATION RATE 
The effect of light on calcification, in some respects, parallels 
the effect of light on photosynthesis. However, there are differences. 
For example, the differences between calcification rates under light 
and dark regimes is not what would be expected with a direct photo-
synthetic link (Ikemori, 1970). Calcification continues in the dark at 
a rate lower than that in the light, but the rate does not fall to near 
zero, as would be expected. Ikemori's study also showed that even when 
photosynthesis is the same in both calcareous and non-calcareous algae, 
there is a 10- to 100-fold greater uptake of calcium in calcareous 
algae than in .non-calcareous ones. These anomalies, of course do not 
rule out - a relationship between photosynthesis and calcification, but 
suggest #at the relationship may be complex, Tearse (1972) studied 
calcification in Bossiella orbigniana. Her-work• showed that calcifi-
cation can occur in the dark for at least 30 hours, but at a rate r 
significantly' lower than that in the light. Digby (1977b) proposes a . 
hypothesis in which photosynthesis_ uses the - bicarbonate which is taken 
up by the plant to produce organic compounds. These compounds are .  
subsequently metabolized. One of the by-products of this metabolism 
is, carbonate ion whith diffuses . out of the cell to precipitate with' 
calcium (see also Sikes, 1978). LaVelle (1979), working with - 
Calliarthron, studied transiocation of various' chemical 'substances 
and its relationship to _calcification. He concludes that the light-
enhancement effect- In the terminal segments (as. used in Pearse, 1972) 
is due:to photosynthesis in•the intergeniculae just, proximal .to the tip... 
Calcification enhancement would be driven by transiocation of organic 
compounds to the terminal segments. These compounds would subse-
quently be oxidized to produce OH- and 03=, raising the pH enough- to 
'stimulate calcium.carbonate deposition. Energy for the production of 
base would thus be stored, as metabolites which have been translocated 
from photosynthesizing parts of the plant. 
PURPOSE OF PRESENT RESEARCH 
The purpose of the research reported here was to determine the 
response of the rate of calcium carbonate deposition in the "skeleton" 
of terminal segments to experimental variation of light intensity. 
This was undertaken as a further investigation of the effect of light 
on the calcification process in Bossiala orbigniana. 
MATERIALS AND METHODS 
COLLECTION AND MAINTENANCE 
Specimens of Bossiella orbigniana (Descaisne) Silva (1957) 
(Corallinaceae) were collected subtidally (0.5 to 3 m depth) near 
Treasure Island about 2 km •south of Laguna Beach, California. The 
algae were transported to the lab, suspended in natural sea water in 
an opaque, insulated container. Specimens were studied no more than 5 
hours after collection. Seven plants were collected for each ex-
perimental run. 
EXPERIMENTAL SET-UP 
Six incubation chambers were used. Each was made of 6-mm plexi-
glass and measured 14 cm x 12 cm x 9 cm high. Each chamber was fitted 
with a plexiglass cover to reduce evaporation and provide physical sup-
port for the temperature-control system (see Fig. I). The chamber 
used for the dark control was covered with black plastic and opaque 
cardboard. All seams were sealed with black tape. Temperature-control 
equipment for the dark treatment was also wrapped in black tape except 
the area needed for temperature monitoring. The dark-control chamber 
was placed in the cubicle having the dimmest light (see below) to 
minimize light leakage. Each chamber contained 1.0 liter of arti-
ficial sea water (Instant Ocean Synthetic Sea Salts, Aquarium Systems, 
Inc., Wickliffe, Ohio). A plexiglass and acetate plant support 
(Fig. 11) was placed in the chamber to keep the plant sections upright 
during incubation. Room air was bubbled through the water using one 
Silent Giant aquarium pump for each two chambers. Air flow leaving the , 
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pumps was distributed using gang valves. Air flow was held constant at 
1500 ml/min. The chambers were held in a cold room which was kept at 
15°C. Water temperature was kept constant at 19.0°C ± 0.5°C (see 
Thomas, 1976) using a contact thermometer and a thermoregulator relay 
connected to two 100-watt immersion heaters. Constancy of pH during 
the course of a given experimental run (replicate of the experiment) 
was monitored using a Corning Model 112 pH meter equipped with a semi-
micro combination electrode. Readings of the pH were taken near the 
beginning and end of each run. Average variation in pH during the 
course of a run did not exceed ± 0.040 pH unit. 
The experimental area was divided into six cubicles, measUring 
38 cm x 61 cm x 56 cm high, separated by opaque dividers which ex-
tended across the working deck and up to the top of the light fixture 
(Fig. III). Notches were cut in the dividers to accommodate the light 
fixture. The average plant tip height during the experiment was equal 
to the height of the diffuser of the spectroradiometer used to 
measure light intensity. Dividers and chamber supports were painted 
neutral gray and the deck was covered by white absorbent paper. 
Lighting was provided by two 110-watt high-output cool-white 
fluorescent lamps suspended over the chambers at a distance of 15.8 cm 
above the average plant height. Varying light intensities were achieved 
by using layers of grey fiber-glass window screen as neutral-density 
filters. Zero to five layers produced the desired intensity range. The 
layers of screen were attached directly to the partitions to prevent 
leakage between cubicles of light of an undesired intensity. Light 
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intensity in each cubicle was measured at the beginning and end of each 
run to obtain an average light intensity for each treatment and run. 
These measurements were taken at a wavelength of 550 nm. They served 
to monitor the light intensities in order to detect any variation in or 
aging of the light tubes. The wavelength of 550 nm was chosen because 
it lies in the action-spectrum peak for red algae (Haxo and Blinks, 
1950). A spectrum (380-750 nm) was measured in each cubicle for two 
purposes. The spectra were used to determine total light energy flux 
reaching the plants in each treatment, and to compare the experimental 
conditions with subaerial and subaqueous light characteristics in 
nature. Light was measured using an ISCO Model SR spectroradiometer. 
PLANT PREPARATION AND INCUBATION 
Six of the collected plants were each separated into six sec-
tions. These were assigned to. the chambers and to a position on the 
plant holder according to random number series taken from a ran-
dom-number table (Dixon and Massey, 1951, pp. 446-450). A seventh 
plant was placed in running, hot (>65°C) tap water for at least 30 
minutes to kill it (see Thomas, 1976). Following this treatment, 
the plants had changed from the usual reddish to a greenish-buff 
color. The killed plant was then cooled in sea water, divided 
into six sections, and distributed randomly among the chambers. 
The killed plant sections were placed in the center of the plant 
holders. Thus, each complete plant used was subjected to all six 
of the treatments, and each treatment used portions of six living and 
one killed plant. Preparation of the plants was done as quickly as 
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possible, and the plants placed in the dark. The plants were intro- 
duced to the chambers, starting between 1400 and 1500 hours, on a three-
minute schedule, the order of introduction being determined randomly. 
Plant sections were pre-incubated for one hour to allow the cal-
cification rate to adjust to the experimental conditions. To begin the 
incubation period, 100 to 250 pCi of Ca-45 was added on the same three-
minute schedule used for starting the pre-incubation period. Two 
minutes after the introduction of the Ca-45, triplicate (0.10-ml) 
aliquots of incubating medium were taken. Each aliquot was mixed with 
8 ml of a 1:1 mixture of deionized water and Packard Instagel. The 
plant sections were incubated under their •respective light intensities 
for a period of 2 hours. 
At the end of the incubation period, the plant holders, bearing 
the plant sections, were removed from the chambers, on the same three-
minute staggered schedule. The plant sections were rinsed immediately 
in four separate baths of fresh tap water to remove any remaining 
radioactive isotope. Each plant section was then placed in its own 
petri dish containing about 40 ml of 6% sodium hypochlorite solution 
(Pearse, 1972; Smith and Roth, 1979). A second triplicate set of 
0.10-ml aliquots of incubation medium was taken and prepared as before 
for determination of residual radioactivity. 
POST-INCUBATION PROCEDURE 
Plant sections were allowed to digest in the sodium hypochlorite 
solution for three days to remove the organic plant tissue (Kolesar, 
1973; Smith and Roth, 1979). After three days, the liquid was filtered 
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off using suction filtration. The skeletal parts were rinsed with tap 
water and allowed to dry at room temperature overnight. On the fourth 
day after incubation, six terminal segments were selected from each 
plant section. Care was taken to select tips of as nearly the same 
size as possible since calcification may be affected by the size of the 
terminal segment (Thomas, 1976; Smith and Roth, 1979). 
Each group of six tips was placed on a planchet, and the time for 
10,000 counts was recorded using a gas flow detector Nuclear Chicago 
8703 Decade Scaler and 1042 Automatic Sample Changer). The background 
radiation was determined to be 11.5 counts per minute using new, empty 
planchets to obtain an average. This value (11.5 ct min-1 ) was sub-
tracted from each gas-flow count for experimental samples. The average 
counts per minute per tip (terminal segment) was calculated for each 
plant section. The averages for all six of the living plant sections 
in a given light treatment were then combined to give an average for 
that treatment and run. Results for each treatment (for example, 
treatment VI, brightest light) were combined with corresponding treat-
ments in the other experimental runs (Runs 7-12 and 16-20) used in this 
study. Results from killed plants were handled similarly. 
The radioactivity of the incubation medium aliquots was counted 
on the same day as that of the tips, using a liquid scintillation 
counter (Packard Tri-carb Liquid Scintillation Spectrometer Model 2002) 
Six samples from a given chamber were averaged to give a value for the 
concentration of radioactive isotope for that chamber. From this data, 
a correction factor was determined to normalize the data to 
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30,000 ct min-1 for the incubation medium. This factor, applied to the 
terminal-segment data, corrected for aging of the radioisotope stock 
solution as well as for experimental error causing slight variations •in 
concentration of Ca-45 between chambers. 
Twenty runs were completed. Runs 1-6 and 13-15 were excluded for 
• the following reasons. Runs 1-6 were preliminary runs, and a sub-
stantially improved technique was begun with Run 7. Run 13 was a trial 
run of a different protocol than that used in this study. There were 
problems with erratic and inaccurate water sample radioactivity counts 
in Run 14; •and in Run 15, the temperature in treatment V jumped to 
35°C. Calcification in treatment V was not different from the-killed 
plant sections in Run 15. Thus, the rise in temperature was assumed to 
have killed the plant sections. 
RESULTS 
LIGHT 
• Table 1 gives the results obtained for light measured at 550 nm at 
the beginning and end of each run. Note that variation in light inten-
sity between runs was very small, as indicated by small standard 
deviations. 
The visible spectral distribution as determined for each light 
treatment is shown graphically in Fig. IV. There was no significant 
change in the major shape characteristics of the spectrum between 
treatments, though the intensity of light decreased markedly. Data 
from the spectra (Appendix. B)were used to calculate the total light 
energy flux received by the plants in each treatment. Table 2 gives 
the mean intensity, for light at 550 nm as determined during the 
• spectral measurements, the calculated total light energy flux, and 
the relationship between the light at 550 nm and the total light 
energy flux. There are differences between the intensity at 550 nm 
measured during the runs as compared with that measured during 
spectral analysis (see Fig. V for graphic representation). Since 
the differences are small, the values obtained during spectral deter-
mination are the ones used for statistical analysis. 
Figure VI gives values of light energy under various natural con- 
ditions (A. A. Roth, personal communication). These values may not 
directly apply to conditions and organisms in California waters. How-
ever, light levels experienced by the plants experimentally roughly 
correspond to a range, in a tropical lagoon area, between a deep-
water (21 m) environment on a sunny day and a shallow-water (1.9 
6 
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environment on a cloudy day, Overall light quality of the experimental 
lamps is roughly similar to light quality found under'natural condi-
tions. Note, however, that the peaks do not occur at precisely the 
same wavelengths. The effect this might have on calcification has not 
yet been investigated. Actual weather and water conditions at the col-
lection site varied greatly (Table 3). Since natural conditions would 
be nearly impossible to reproduce in the laboratory, the range of light 
intensities used was chosen on the basis of availability of equipment 
and of previous work by Thomas (1976) and Smith and Roth (1979). Com-
parison with Haxo and Blinks (1950) shows the experimental light qual-
ity to approximate the action spectrum for Porphyra naiadum (Rhodo-
phyta). Preliminary runs of my experiments suggested that the calcifi-
cation curve leveled off within the light intensity range used. Our 
experimental data (Table 4) suggest that light saturation was achieved 
at some intensity less than that of the brightest light used (Table 2). 
LIVING, LIGHT/DARK TREATED PLANTS 
Table 4 summarizes the results of the experiments using living 
specimens of Bossiella oThigniana. These results are graphically 
displayed in Fig. VII. These data have been corrected for background 
radioactivity. They have also been normalized (as described in 
Materials and Methods) to eliminate the effect of variation in Ca-45 
concentration in the chambers during incubation. Each data point is an 
average (ct min-1) of 66 plants (6 plants from each of VI runs, each 
plant represented by 6 terminal segments assayed together as a single 
sample). As can be seen from the standard error bars in Fig. VII, 
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variability is great. Some of this variability .is accounted for by the 
:fact that over-all calcification may vary significantly, from one day' to. 
another. . Mean values for the runs had a spread which was large in com-
parison with the data curve. Analysis of variance (referenced below in 
• .• the Statistical Analysis section) revealed a highly significant,• • 
(1)0.007.5) difference between runs. The information Of interest to 
this study. is the relative values of the dark and the various light 
treatments. Thus, for some ;of the statistical work, it was decided to 
set the dark.control values at 100.00 ct min-1 tip-I hr-1' and to ex-
press the values of each light treatment in a run as a percentage of 
the dark Control value for that run (Fig. VIII, Appendix D-1). .This 
procedure gave a slight improvement of the data. On the average, cal-
cification. in the light is significantly greater .than .that in the dark, 
• . •See Appe.ndi.x. C for individual. plant •section data.. 
KILLED PLANTS 
Plants killed by immersion for 0.5 to 1 hour in hot water (>65°C) 
were used for purposes of comparison with the living light/dark ex-
perimental series. The data from the killed plants were processed in a 
manner similar to that used for the living-plant data (see Table 4 and 
Figs. VII and VIII for summaries of the data; Appendix C for killed 
plant individual data and Appendix D-2 for adjusted data). Data points 
which are not adjusted to eliminate inter-run variation are low com-
pared with those from living plants. Average values ranged from 39.15 
to 42.56 ct min-1 t1p-1 hr-1 while the data from living specimens ranged 
from 105.79 ct min-1 tip-1 hr-1 for dark treatment to 118.19 ct min-1 
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tip-1 hr-1 for the highest light treatment. The mean of all the killed 
• plant averages is 40.80 ct min-1 tip -I hr-1, i.e, 35.8% of that of the 
light/dark living plant averages (i.e.,113.97 ct min-1 tip-1 hr-1 ). 
• Incorporation Of Ca-45 into the dead skeletal structure appeared to be 
less in the light than in the dark treatment (see Fig. VIII), though 
the difference in the unadjusted data is not statistically significant. 
STATISTICAL ANALYSIS 
A series of regression-correlation analyses was performed using a 
variety of functions. Four of these functions.gave similar, highly 
significant (p<0.01) results. Figure IX gives a graphic represen-
tation of these functions, with the Mean experimental data curve for 
comparison. Table 5 gives a summary of statistical results for these 
four functions. It can be seen from Fig. IX and Table 5 that these 
four functions are very similar in characteristics and statistical 
values. Since logarithmic relationships are often found in biological 
systems, the logarithmic functions will be used for purposes of dis-
cussion. Adjusted data were used for this analysis. 
The correlation coefficient (R) indicates a correlation of 0.32 
between the data and the function of best fit. The probability that 
this correlation is non-random is 0.99. This non-randomness strongly 
suggests that light does have a significant effect on calcium incor-
poration into the algal skeletal structure. The low correlation 
coefficient suggests that light is only one of several factors con-
trolling the calcification rate in these experiments. The large vari-
ability exhibited by the plants would seem to indicate that there may.  
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well be important factors other than light controlling calcification of 
which we have little or no knowledge. 
Using unadjusted data, a t-test was done comparing the dark cal-
cification rate with the calcification rate in all light treatments 
(using the combined treatments Ii through VI) 	The difference was sig- 
nificant (p<0.05; t = -2.219; confidence limits = ±2.000), again con-
firming that light does significantly affect the rate of calcium 
carbonate incorporation into the algal "skeleton. 
Analysis of variance [BMDO8V, Analysis of Variance, with design 
variables: 1) Light intensity; 2) Runs; 3) Plants (nested within 
runs)] was performed, also using unadjusted data. It showed a sig-
nificant positive effect of light on "skeletal" calcium uptake 
(p<0.025). To further define the effect of the various treatments, a 
multiple comparison procedure developed by Dunnett (1955) was applied 
to the data. Using a confidence level of 0.05 as our standard, sig-
nificant differences were found between treatment I (dark control) and 
III or IV or V but not between I and II or VI. No statistically sig-
nificant differences were found to exist between any of the light treat- 
ments (treatments 11 to IV) 	These analyses agree with the t-test and 
regression analysis results. 
DISCUSSION 
VARIABILITY 
• A large amount of individual variability is exhibited by the 
species studied. This is expected since considerable variability has 
been previously reported in the literature. This variability generates 
a scatter of the data which tends to obscure the patterns of calcifi-
cation being studied. Control of all factors affecting calcification 
in algae would presumably eliminate most of the scatter. However, the 
state of our knowledge of the physiology involved in calcification pre-
cludes adequate control of all of these factors. Among the factors 
which may affect calcification, and which were difficult or impossible 
to control for in the present study are: growth rate, magnesium : cal-
cium ratio, developmental differences, periodic changes in rate, and 
varying photosynthetic capability. 
Growth Rate 
Borowitzka and Larkum (1976a) discarded apical segments in their 
study because they found a high degree of variability in these segments. 
In the study reported here, these segments were the ones selected for 
use because they are the most actively calcifying segments (Pearse, 
1972), thus are more suitable for studies involving the short incu-
bation times used. The active calcification is presumably related to 
rapid growth and development in the young segments. Goreau (1963) 
notes large standard errors in calcification rates intraspecifically, 
an observation which my results confirm for Bossiella orbigniana. 
Goreau attributes this variability to growth fluctuations in the plants, 
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noting that in a number of species of calcareous algae, growth occurs 
in spurts. Over a wide area, growth and development may not be syn-
chronous, though adjacent plants in small groups may develop synchron-
ously. Thus, collection of specimens over a relatively wide area, as 
was done in this study, could introduce variability due to differential 
growth and development. 
Magnesium : Calcium Ratio 
The carbonates in the skeletal structure are primarily magnesium 
carbonate and calcium carbonate. The relative amounts of magnesium and 
calcium may change, depending on conditions internal or external to the 
plant, even while total carbonate remains constant. Since we are using 
Ca-45 as a tracer, fluctuations in the relative amounts of magnesium 
and calcium incorporated into the carbonate skeleton could generate 
variability. Chave and Wheeler (1965) found temperature to be a con- 
trolling factor in algal magnesium content. Temperature, however, 
was held constant in our experiments, so that any effect of temper- 
ature should be minimal. The effect of temperature on magnesium con- 
tent may be mediated by growth rate, which is affected by temperature. 
Growth rate alone may also alter the ratio between calcium carbonate 
and magnesium carbonate in the plants (Kolesar, 1973). Another 
interesting observation by Kolesar (1973), is that magnesium content is 
negatively correlated with water clarity. As can be seen in Table 3, 
water clarity was not constant at our collection site. However, there 
is no readily apparent relationship between water clarity at the col-
lection site and the experimental calcification rate of the plants. 
23 
Developmental Differences 
Wilbur, Colinvaux and Watabe (1969) and Borowitzka (1979) have 
reported evidence for various calcium-exchange compartments in algae. 
These compartments may differ in relative activity during development, 
possibly generating the variability of young, growing terminal seg- 
ments. There may be two mechanisms for calcification in the inter-
cellular spaces (Borowitzka and Vesk, 1979), accounting for the areas 
of random and non-random orientation of crystals (Ca 1 _xMgxCO3) in 
different parts of the spaces (non-random next to the walls, more near-
ly random orientation in the remaining space). The measured rate of 
calcification may depend in part on which of these mechanisms is in 
operation at the time of measurement. 
Periodic Change 
Another factor which may affect calcification rates is periodic 
change, such as seasonal variatioh and circadian rhythms. Haas, Hill 
and Karstens (1935) noted seasonal variation in the carbonate content 
of calcareous algae. Since the present study was done over 'a period 
of about a year, primarily in two seasons, this may have affected the 
results. However, Johansen and Austin (1970) found that growth in 
the articulated coralline alga, Calliarthron (Rhodophyta) is most rapid 
during the periods of March to June and September to December. These 
are the periods during which our work was done. No statistically sig-
nificant difference was found between the spring and fall runs in our 
experiments. The evidence for circadian rhythms is sketchy (Stark, 
Almodovar and Krauss, 1969; Dixon and Richardson, 1970; McMurry and 
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Hastings, 1972; Waaland and Cleland, 1972) since little has been done 
in this area. Circadian effects were minimized in our study by stan-
dardizing the time at which experimental procedures were carried out. 
Photosynthetic Capability 
As a further complication of the problem of light vs. calcifica- 
• tion, light-absorbing pigments may vary in response to varying habitat 
and depth (Ramus, Lemons and Zimmerman, 1977). Digby (1977a) observes 
that the color (i.e., pigment content) of algae varies according to 
illumination and exposure. Color change of the organism may be due to 
one of two mechanisms. One involves adaptation by the plant to var- 
• iat on of light by adjusting light-harvesting pigment concentration 
appropriately (Ramus, Lemons and Zimmerman, 1977). The other mechanism 
• involves a change in the light-harvesting properties of the pigments 
themselves due to pH changes generated by photosynthesis (Digby, 1977a). 
Plants in this study could not all be collected from areas of iden-
tical light conditions. Thus, pigment content could affect the ability 
of the plant to use light for calcification enhancement. However, in 
my study, the greatest variation from this source would be in the form 
of scatter. It would not tend to generate a false curve, since any 
given plant in my study is subjected to the full experimental inten-
sity range. 
Reference is made above to algae in several taxa, many of which 
are not members of the Rhodophyta. Because of this, one must be 
cautious in making generalizations concerning the red algae from these 
examples. Several authors who have studied a particular characteristic 
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in several species and/or genera (Vinogradov, 1953; •Chave, 1954; Goreau, 
1963; Bohm, 1973a; Borowitzka, Larkum and Nockolds, 1974; Darley, 1974) 
report significant differences in various parameters such as the crystal 
habit and magnesium content of carbonate in the "skeleton" and response 
to light. 
LIGHT EFFECT 
Energy derived from sunlight is used differentially by plants. 
Pigments contained in the plant tissues absorb different wavelengths 
of light in characteristic patterns. The plant then uses energy from 
some of these absorbed wavelengths for use in driving biochemical 
reactions. Haxo and Blinks (1950), 0 hEocha (1965, 1971), and Halldal 
(1967) have studied the pigments found in algae, determining the 
absorption spectra and comparing these with the photosynthetic action 
• spectra. It becomes apparent that any study dealing with the effect of 
light on an organism must eventually address itself to the question of 
what portion of the spectrum is responsible for the observed effect. 
• The present study, however, has not yet reached that stage. We are 
• dealing here with overall, gross effects on the rate of calcium incor-
poration into the skeletal structure of calcareous algae. Any conclu-
sions which are drawn must be evaluated with the understanding that 
the results do not take into consideration the details of the effects 
of various wavelengths of light. 
Light is generally important to calcification. In the hermatypic 
corals, which have endosymbiotic dinoflagellate algae associated with 
them, responses to light have been described as similar for photo- 
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synthesis and calcification (Goreau, 1963; Chalker, 1976). Algae, on 
the other hand, show stimulation of calcification by light in some 
species, but the effect on calcification is not necessarily parallel to 
the effect on photosynthesis (Goreau, 1963; Stark, Almodovar and Krauss, 
1969; Pearse, 1972; Borowitzka, 1979; LaVelle, 1979), and the two pro-
cesses may be "totally unlike" in their responses to light intensity 
(Goreau, 1963 
A number of studies of calcification in algae have at least 
touched on the question of the effect of light on the process. Algae 
are photosynthetic plants. It therefore follows logically that light 
would have an effect, direct or indirect, on all of the processes 
within the plant. The connection between calcification and photosyn-
thesis has absorbed a large portion of the attention which is focused 
on the light vs. calcification question. There seems to be a link be-
tween the two processes, since inhibitors of photosynthesis often also 
inhibit calcification (Ikemori, 1970; Borowitzka and Larkum, 1976b) 
and carbonic anhydrase activity (important to bicarbonate utilization 
in photosynthesis) seems to parallel calcification (Ikemori, 1970; 
Sikes, 1978). Coccolith formation seems to be the most nearly com-
pletely light-dependent of all algal calcification processes (Paasche, 
1962, 1965, 1968,1969; Crenshaw, 1964; Dorigan and Wilbur, 1973), 
though even here, there is some discrepancy between the response of 
calcification and photosynthesis to a given environmental parameter 
(Paasche, 1965). 
In the present study, light was confirmed to have a stimulatory 
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effect on calcification, though not as great as that reported by 
Borowitzka (1979) for Amphiroa foliaceae, or Pearse (1972) for 
Bossiella orbigniana (Pearse found a light : dark ratio of about 1.6 : 
while my results showed a maximum light : dark ratio of 1.12 : 1). 
However, Goreau (1963) found a large difference between the responses 
of various species, some even calcifying less in light than in darkness. 
•Thus, differences, as compared with Pearse's work on the same species 
used here, are most likely due to differences in technique. For exam-
ple, Pearse used running natural sea water instead of artificial sea 
water during pre-incubation. The effect of this and other procedural 
differences is unknown, but may help to explain differences between her 
work and mine. Another possible reason why my results differ from 
those of Pearse (1972) is that the short times used here may not be 
long enough to prevent a lag effect in calcification rate from affec-
ting the results. Examination of Pearse's data does not reveal such 
an effect. However, since she does not give details of treatment be- 
tween the time of collection and use of the plants experimentally, the 
possibility, of a lag effect cannot be positively ruled out. Taking 
into consideration the discrepancies discussed above, the results re- 
ported here appear to be in general agreement with or to be compatible 
with previous work on the calcareous algae. 
While several studies have reported that light has an effect on 
calcification rate, there have not been any studies done which exper-
imentally tested the effect of the intensity of the light on calcifi- 
cation rate. Goreau (1963) observed that a drop in light intensity 
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such as is brought about by the development of a cloud cover or by par-
tial shading of the plants, caused a corresponding drop in the photo-
synthetic rate, but the calcification rate did not change significantly 
as long as water turbulence and temperature remained constant. In my 
results, the calcification rate is higher at a low light intensity 
(i.e., 284.8 pW cm-2) than it is in darkness, rises slightly (but non 
significantly) until an intensity level of 701.8 pW cm-2 is reached, 
then drops off slightly (also non-significantly) at higher intensities. 
• After the initial enhancement observed at 284.8 04 cm-2, as compared 
' with dark calcification, increased light intensity did not produce any 
further significant improvement. These results confirm Goreau's obser- 
• vation (1963) that calcification may not change significantly with 
• light intensity. 
PROPOSED ALTERNATE HYPOTHESES 
The results reported here raise the question of what process might 
be generating the observed relationship between light intensity and cal-
cification rate. The observation is that maximal light effect on cal-
cification is achieved at :a very low light intensity, with no statis-
tically significant changes as light intensity is increased beyond that 
low level. • Three processes could be proposed as hypotheses to explain 
these observations. 
• One such hypothesis would postulate photo-toxicity at high light 
intensities. • This could cause the observed leveling-off of the curve 
if some toxic effect (such as photooxidation of some necessary inter-
mediate) occurred at an intensity corresponding to the break point in 
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• the experimental data curve (see Figs. VII and IX). Or, as Borowitzka 
and Larkum (1976b) suggest, energy from light may be used t produce 
some substance, such as HI-, which inhibits calcification. 
A second hypothesis would involve a physiological mechanism for 
• calcification in which light, or some product of photoactivation, acted 
as a catalyst to "turn on" the pathway •leading to calcification. My 
experimental results would suggest that an intensity on the order of 
• 275 to 375 pW cm-2 would be sufficient to stimulate the calcification 
mechanism and generate an Optimal catalytic concentration. 
A third hypothesis would be that light is not the limiting factor 
1 to calcification in our study. Adey (1970), who studied growth (as 
evidenced by marginal expansion) in crustose coralline algae, found 
that the effect of light on growth was dependent on temperature, being 
strong at optimal growth temperatures and slight at lower, less favor-
able temperatures. Temperature was kept at an optimal level in our 
study (Thomas, 1976). This temperature also closely approximated 
natural conditions. One parameter which could be limiting in my study 
is the concentration of carbonate species in the water. In order to 
approximate natural conditions as closely as possible, room air was 
used in our study for aeration. This was done to determine what the 
effect of light intensity on calcification is under conditions which 
approached the natural environment. Smith and Roth (1979) found that 
aeration using air containing a carbon dioxide concentration about 
an order of magnitude greater than that in normal rbom air gave optimal 
calcification. Future experiments using higher carbon dioxide 
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concentrations could determine if the concentration of carbonate 
species in the incubating medium is limiting in our experimental de-
sign. 
• The limiting-factor hypothesis seems to be the most likely, and 
the carbon dioxide-limited nature of the effect of light on the process 
of calcification is easily testable. 
TABLE 1. Light intensities at 550 nm for treatments I through VI, recorded during the experimental 
runs. Mean intensities for 11 replicate experimental runs. Units: 01 cm-2 nm-1. 
TREATMENT 
	
III 	 IV 	V 	VI 
MEAN ± S.D. 	dark 	1.88 ± 0.08 	2.72 ± 0.12 	5.06 ± 0.08 	8.38 ± 0.13 	13.54 ± 0.12 









































'Mean light energy flux at 550 nm recorded during spectrum determination. Units: pW cm-2 n 
2Total light energy flux in experimental cubicles. Units: pW cm-2. 




3' with bubbles 	high - much turbulence 
TABLE 3. Dates of experimental runs and environmental conditions at the collection site at the time 





ENVIRONMENTAL CONDITIONS  
VISIBILITY TIDE 
R7 	3/20/78 	cloudy 
R8 	3/21/78 	sunny 
R9 	3/23/78 	sunny 
R10 3/26/78 	sunny 
20' without bubbles 
R11 	3/29/78 	cloudy 
R12 3/30/78 	cloudy. 	 7' very low - plants in 6"-
of water 
5 	low, flowing - 5' surf 
R16 1 1 /5/78 	cloudy-bright 	5-10' 	high 
R17 	12/4/78 	sunny, clear 25' or more 	1 hour pre-high 
R18 	1 2/7/78 	sunny, clear 	30' 	low 
R19 	12/1 1 /78 	sunny, clear 30' low, turning 
R20 	1 2/1 3/78 	bright sun 	20' 	high 
TABLE 4. Bossiella orbigniana. Living and killed specimens. Summary of data for 11 replicate 
runs. Mean ± S.E. Units: ct min- 1 tip-1 hr-1. 
TREATMENT 
	









105.79 ± 5.13 
113.00 ±4.57 
116.31 ± 4.37 
118.19 ± 3.52 
115.80 ± 3.86 
114.72 ± 3.00 
100.00 ± 0.00 
107.84 ± 4.12 
110.76 ±2.29 
113.30 ± 4.30 
111.12 ± 4.59 
110.34 ± 4.81 
42.56 ± 2.13 
40.37 ± 2.55 
41.31 ± 2.64 
40.44 ± 2.40 
39.15 ± 2.43 
40.95 ± 3.11 
• 100.00 ± 0.00 
95.15 ± 4.18 
97.27 ± 4.41 
• 95.24 ± 3.40 
92.59 ± 4.49 
96.47 ± 5.89 
'Data adjusted to make the dark control = 100.00 ct min- ti 
TABLE 5. Functions used in regression-correlation analysis, with the statistical results..  













= A (XB) 0.3232 0.10445 12.203 0.9919 









= XMAX) ± B] 
	
0.3255 0.10596 12.269 0.9923 
* Y = Calcification Rate (ct min-1 tip -I hr-1 ) 
= Light Intensity NW cm-2) 
A and B are constants which are different for each function 
Figure I. Experimental chamber, showing aeration and temperature 
control set-up. 

Figure 11. Plant support, bearing sections of Bossiella orbigniana. 
Figure III. Experimental set-up, showing cubicles with decreasing 
light intensities. 

Figure IV. Light intensity spectra for treatments II - VI. 
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Figure V. Comparison of light intensity at 550 nm as measured during 







Figure VI. Spectral distribution of downward irradiance of some natural 
light environments.2  
Noon sun at sea level, clear sky, Freeport, Bahamas, 
April 9, 1973. 
Enewetak Lagoon, 1.3 m below sea level, clear sky at 
noon, June 4, 1971. 
m Western Atlantic about 1.7 km S of Lucaya, Bahamas, •at 
site of Hydro-Lab, 16 m down under clear sky at noon, 
April 11, 1973. 
Enewetak Lagoon, 21 m below sea level under clear sky - 
at noon, June 4, 1971. 
Enewetak Lagoon, 33 m below sea level under clear sky 
at noon, June 4, 1971. 
Japtan Reef, Enewetak, 1.9 m below sea level under over-
cast sky at sunrise, June 14, 1971. 
lAdapted from A. A. Roth, personal communication. 
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Figure VII. Bossiella orbigniana. Calcium-45 incorporation into the 
skeletal acid soluble) portion of the algae. Error bars 
represent ± I S.E. 
Living plants 
Killed plants 	..11111. CIEIEMI Mira 
11,251.23. 
AL 	Ti N1 / 4, ATE 'et min-  tip hr71) 
Lt 
Figure VIII. Bossiena orbigniana. Adjusted data for Ca-45 incor-
poration into the skeletal (acid soluble) portion of the 
algae. Data adjusted to make the dark control = 100.00 
ct min-1 tip-1 hr-1. Error• bars represent ± 1 S.E. 
Living plants 
   
   
   
Killed plants-- WEIN OWE. MIND 
1==M, 
Er.1.11 
CAL WIC T 0 RATE (c 
Figure IX. Comparison of data curve (-- 	--) with plots of the four 
functions (--------) to which the data curve has been 
fitted in regression-correlation analysis. 
1. Y = A + B log X* 
2, Y = A (XB) 
3. = A + B/X 
4. V = )(MAX) + 13] 
*Y = Calcification Rate (ct min-I tip-I hr-1 ) 
X =• Light Intensity (pW cm-2) 
A and B are constants which are different for 
each function 
LI 	di!, 40) 
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APPENDIX A 
Listing of data for light intensity at 550 nm, recorded during 
each experimental run. The first column gives the number of the run. 
The first and second horizontal rows (a and b) in each run are the 
first and second light readings, respectively. The third row. (c) is 
the average for that run and treatment. Vertical cOlumns represent 
treatments I - VI. Note that treatment I was the dark treatment, but 
this appendix gives the light level surrounding the darkened chamber. 
Units: 04 cm-2 nm-1. 
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RUN 
NUMBER 11 	III 	IV 	VI 
R11 	a. 	0.99 	1.94 
b. 0.86 1.92 

















R17 	. 	0.98 
1.06 
1.02 
4.85 	8.14 	13.32 
5.01 8.01 	13.32 
4.93 	8.08 	13,32 
60 
R7 	a. 	0.94 	1.84 
b. 0.97 1.73 
c. 0.96 	1.79 
R8 	a. 	1.03 	1.92 
b. 0.99 1.99 
c. 1.01 	1.96 
R9 	a. 	1.05 	1.72 
b. 1.01 1.86 
c. 1.03 	1.79 
RIO 	a. 	0.99 	1.90 
b. 0.86 1.94 
C. 	0.93 	1.92 
2.84 	4.93 	8.57 
2.91 5.05 8.23 
2.88 	4.99 	8.40 
3.00 	5.04 	8.36 
2.82 5.17 8.43 
2.91 	5.11 	8.40 
2.79 	5.13 	8.50 
2.70 5.24 8.43 










2.90 	5.04 	8.43 	13.67 
2.71 5.09 	• 8.36 	13.53 
2.81 	5.07 8.40 	13.60 
R12 	a. 	0.86 	1.69 
b. 0.95 1.99 
c. 0.91 	1.84 
R16 	a. 	0.95 	1.84 
b. 0.89 1.94 
c. 0.92 	1.89 
2.86 	4.93 	8.23 	13.26 
2.75 5.17 8.57 	13.46 
2.81 	5.05 	8.40 	13.36 
2.62 	5.08 	8.14 	13.39 
2.70 5.09 8.08 	13,05 
2.66 	5.08 	8.11 	13.22 
R18• a. 	0.96 	1.75 
b. 0.94 1.96 
c. 0.95 	1.86 
R19 	a. 	0.94 	1.95 
b. 0.92 1.95 
C. 	0.93 	1.95 
R20 	a. 	0.92 	1.54 
b. 0.91 1.88 
c. 0.92 	1.71 
2.63 	4.95 	8.21 	13.32 
2.55 	5.01 7.94 	13.46 
2.59 4.98 	8.08 	13.39 
2.70 	4.95 	8.21 	13.47 
2.56 5.13 8.14 	13.32 
2.63 	5.04 	8.18 	13.40 
2.76 	4.95 	8.14 	13.73 
2.63 4.85 7.94 	13.19 
2.70 	4.90 	8.04 	13.46 
APPENDIX B 
Listing of data for light intensity recorded during spectral 
determination. Data given for two trials (designated X1 and X2) and 
the average (X) of the two. Note that treatment I was the dark treat-
ment, but this appendix gives the spectral light values surrounding 
the darkened chamber. Units: a cm-2 nm-1. 
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X(IIM) 	 X1 	 X2 









TREATMENT II 	380 
400 	0.253 
450 0.655 































TREATMENT III 	380 	0.080 • 	 __ 	0.080 
400 0.322 0.311 	• 	0.316 
450 	0.844 	0.803 • 	0.824 
500 0.971 0.904 	• 	0.938 
550 	2.55 	• 2.42 2.48 
600 2.16 • 	2.06 	2.11 
650 	• 0.518 	• 0.480 	• 	0.499 
700 0.128 	• 	0.132 0.130 
750 	...... __ 
TREATMENT IV 	• 380 	0.100 	0.092 	•0.096 
400 0.616 • 	0.596 • 0.606 
450 • 	1.60 	1.54 	• 	1.57 
500 1.68 1.66 	• 	1.67 
• 550 	• 	4.74 	• 	4.58 • 4.66 
600 • 4.02 3.91 • 	3.96 
650 	0.975 	• 	0.970 	• 	0.972 








TREATMENT V 	380 	 0.111 	 0.106 
400 1.07 1.07 
450 	 2.72 	 2.71 
• 500 3.13 3.14 
550 	• 	 8.08 	• 	 8.01 
600 •6.88 6.93 
650 	 1.65 	 1.61 
700 • 	 0.480 0.467 










TREATMENT VI 	380 	 0.168 	•0.160 	 0.164 
400 1.79 1.71 1.75 
• 450 	• 	4.46 	 4.46 	 4.46 
• 500 5.08 5.07 • 5.08 
550 	13.19 	•13.12 	 13.16 
600 11.20 • 11.20 11.20 
650 	• 2.68 	 2.70 	• 	2.69 
700 0.386 •0.742 •0.564 
750 	 0.228 	 0.373 	 0.300 
APPENDIX C 
• Data points for living and killed specimens of Bossiena 
orbigniana. Vertical columns represent treatments I. - VI (1 = dark 
control). Horizontal rows give the values for each of the six 
sections of a given plant under the six treatments. Values for living 
plants are given first in a column, followed by the mean for that 
treatment and run (designated 70. Last in each treatment column for 
a given run is the value for the killed plant (designated Kn). 





R7 	122.69 	102.94 	119.29 	124.94 	118.82 	101.52 
	
131.26 104.79 11''.29 108.89 88.37 97.83 
130.69 	135.02 	11/.58 	123.88 	132.12 	132.05 
129.01 117.65 127.37 141.89 105.10 122.51 
130.69 	119.58 	142.10 	107.29 	105.47 	128.90 
122.95 136.60 133.89 134.40 108.71 127.52 
127.88 	119.43 	125.75 	123.55 	109.77 	118.39 
K7 	50.04 	41.95 	41.20 	41.22 	48.01 	37.43 
R8 	96.62 	74.05 	81.43 	109.35 	86.61 	95.30 
122.94 131.02 124.40 142.10 144.80 129.24 
86.21 	119.65 	136.68 	126.16 	122.92 	107.72 
118.46 114.05 96.77 112.08 125.06 107.43 
96.08 	106.21 	111.20 	129.14 	127.29 	87.61 
101.83 136.96 123.93 135.31 116.21 100.88 
7(8 	103.69 	113.66 	112.40 	125.69 	120.48 	104.70 
K8 	46.19 	53.59 	51.74 	53.57 	51.03 	46.65 
R9 	131.02 	126.22 	132.61 	133.59 	140.56 	129.66 
102.92 131.25 113.18 116.97 101.94 117.65 
108.39 	112.04 	125.18 	124.21 	110.74 	133.93 
144.11 118.71 153.74 124.99 130.57 99.73 
106.74 	124.78 	125.94 	132.71 	124.98 	121.65 
115.93 120.01 112.77 127.37 145.98 124.38 
118.19 	122.17 	127.24 	126.64 	125.80 	121.17 
40.58 	35.39 	31.78 	32.69 	30.55 	30.85 
R10 	115.19 	140.01 	120.13 	150.58 	117.86 	137.99 
121.79 114.42 123.16 120.04 123.61 104.24 
106.53 	112.17 	107.45 	105.43 	122.46 	107.90 
112.50 93.66 127.29 112.16 124.08 110.21 
119.77 	135.18 	138.94 	134.98 	131.25 	127.09 
114.64 106.25 124.73 111.40 123.84 118.51 
)710 115.07 116.95 123.62 122.43 123.85 117.66 
K I 0 
	49.91 	45.37 	49.95 	45.97 	44.40 	47.25 
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RUN 
NUMBER II 	III 	IV 	V 	VI 
Ril 	122.77 	109.11 	132.54 	112.67 	152.09 	122.13 
	
96.08 134.79 136.95 116.02 134.27 126.97 
122.01 	127.91 	130.03 	143.28 	141.00 	126.44 
105.13 108.32 96.94 109.50 127.88 105.07 
108.60 	120.97 	122.56 	125.47 	118.78 	107.86 
102.76 124.21 115.67 105.93 133.69 117.20 
T(11 109.56 120.89 122.45 118.81 134.62 117.61 
Kn. 45.71 48.96 51.23 48.30 48.22 47.66 
R12 	74.05 	86.82 	97.40 	104.32 	73.05 	84.20 
100.63 93.83 88.31 91.60 108.82 110.10 
105.85 	77.60 	98.96 	82.17 	108.44 	82.73 
67.16 66.92 89.73 96.63 92.58 99.44 
83.25 	89.86 	106.67 	94.12 	97.64 	94.41 
91.32 101.41 107.04 95.58 89,98 81.52 
X12 87.04 86.07 98.02 94.07 95.09 92.07 
K12 45.10 42.84 40.56 41.65 39.49 42.59 
R16 	96.59 	118.93 	109.57 	92.90 	110.13 	110.78 
96.27 102.94 85.21 109.13 124.21 108.91 
70.92 	95.33 	113.44 	100.25 	114.35 	126.74 
104.02 128.72 115,56 129.72 154.13 138,58 
86.97 	121.01 	104.98 	100.49 	128.79 	120.08 
102.78 110.51 96.40 128.94 119.59 95.13 
-5(16 	92.93 	112.91 	104.19 	110.24 	125.20 	116,70 
K16 	26.18 	27.91 	25.90 	27.28 	31.26 	29.45 
R17 	59.97 	69.99 	126.17 	107.79 	105.35 	116.77 
71.16 68.52 93.37 88.25 79.43 111.51 
128.22 	112.65 	97.31 	113.76 	91.70 	129.81 
78.53 102.60 90.08 115.85 111.21 120.27 
62.14 	63.49 	102.40 	75.30 	94.45 	121.17 
104.34 73.25 88.51 100.43 81.56 131.57 
X17  84.06 81.75 99.64 100.23 93.95 121.85 
K17 37.61 25.92 47.63 39.34 26.39 39.96 
RUN 
NUMBER 
R18 	139.42 	137.77 	144.02 
	
104.60 126.66 159.59 	
191.0 6 9 	93.43 80  
128.61 
133.34 	145.06 	148.79 153.58 	136.59 
138.09 133.18 117.30 	111.29 129.12 
105.48 	86.72 	139.73 141.89 	113.03 
133.34 141.01 159.34 	143.48 119.89 
T(18 125.71 128.40 144.80 127.32 120.11 
K18 46.67 46.12 42.49 44.87 38.68 
R19 	140.18 	137.38 	127.52 	138.84 	123.88 
130.28 121.72 119.43 128.27 108.31 
98.47 	122.66 	111.05 	117.37 	118.51 
118.80 124.43 132.25 152.03 116.63 
97.86 	119.42 	113.06 	111.83 	114.81 
124.69 126.75 113.97 129.16 115.65 
X19 118.38 125.39 119.55 129.58 116.30 



















R20 	73.30 	105.41 	85.00 	103.03 	117.74 	92.41 
77.29 125.09 123.97 129.69 94.47 100.15 
75.06 	102.93 	107.84 	104.24 	109.58 	117.91 
• 78.91 94.07 84.73 124.39 115.55 107.95 
• 70.81 	113.74 	84.11 	111.29 • 111.05 	118.77 
111.42 • 150.87 124.71 156.77 	103.21 94.95 
X2o 	81.13 	115.34 	101.73 	121.57 	108.60 	105.36 
K20 	35.94 •38.97 	• 30.62 • 	29.87 	34.79 	• 22.67 
APPENDIX D- 
Listing of data for living specimens of Bossiella orbigniana, 
adjusted to make the dark control equal 100.00 ct m1n-1 tip-1 hr-1. 
Data points represent the average of the tips from six plant sections 
in the given treatment and run. Vertical columns give the values for 











































































Listing of data for killed specimens of Bossiella orbigniana, 
adjusted to make the dark control equal 100.00 ct min-'tip' hr71. 
Data points represent the average of the tips from the killed plant 
section in the given treatment and run. Vertical columns give the 
values for treatments I - VI, I being the dark control. Units: ct 




I II I II IV V VI NUMBER 
R7 100.00 83.83 82.33 82.37 95.94 74.80 
R8 100.00 116.02 112 .02 115 .98 110.48 101.00 
R9 l00.00 87.21 78. 31 80.56 75.28 76.02 
RlO 100.00 90.90 100.08 92.06 88.96 94.67 
Rll 100.00 107. 11 112.08 105.67 105.49 104.27 
R12 100.00 94.99 89.93 92.35 87.56 94.43 
Rl6 100.00 · 106.60 98.93 104.20 119 .40 112.49 
Rl7 100.00 68.92 126.64 104. 60 70 .17 106.25 
Rl8 100.00 98.82 91.04 96.14 82.88 100. 75 
R19 100.00 83.78 93.42 90.57 85.50 133. 39
R20 100.00 108.43 85.20 83.ll 96.80 63.08 
